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Abstract 
During the production of silicon solar cells crack detection systems can help to sort out damaged wafers and reduce 
wafer breakage before they enter the production line. In order to be cost effective, the crack detection system needs to 
minimize false detections as much as possible. False detections in crack detection systems occur when bad wafers are 
not detected or when good wafers are falsely detected as bad. The first error leads to an increase in cell breakage, the 
second error raises cell costs because non-damaged wafers are sorted out prior to cell processing. In this work a 
model has been developed to calculate the maximum allowable error rates of crack detection systems in order to 
achieve a cost per wafer benefit. Therefore a breakage rate dependent throughput calculation, based on manufacturing 
data, has been implemented. A sensitivity analysis shows that avoiding a high sorting out rate is crucial to favor the 
implementation of a crack detection system. 
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1. Introduction 
The ambition towards processing thinner-than-today’s wafers at less-than-today’s cost leads to 
challenges in wafer classification prior to cell processing. Crack detection systems (CDS) have been 
developed to reduce inline wafer breakage and yield loss [1, 2]. In order to qualify for inline detection the 
system has to meet a certain resolution, detection time and detection performance. Requirements on the 
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performance ability of crack detection systems to achieve cell cost benefits are simulated in the following 
model.  
2. Approach 
A crack detection system has to meet minimum performance requirements to achieve a cost of 
ownership benefit. The aim of this work is to simulate the influence of performance parameters on the 
solar cells production cost. The crack detection system is implemented as an incoming control in a cell 
production line to sort out possibly breaking wafers.  
The simulation starts with the entry of a percentage of wafers that have a critical crack. This parameter 
can be varied and set according to manufacturer’s experience. In order to describe the percentage of 
falsely detected wafers, two error types are defined.  
A “type I error” [3, 4] occurs when the detection of a crack is negative but the wafer actually has a 
critical crack. That error can occur for the percentage of wafers that have a critical crack. The falsely 
detected wafers will stay in production and will break with a certain probability. The complement of the 
“type I error” related to the damaged wafers, the rate of wafers that contain a critical crack and are 
correctly detected, is termed “recall” [5] (see Fig.1). A “type II error” occurs when the detection is 
positive but the wafer has no critical crack. These wafers will be sorted out at the cost of “as-cut” wafers. 
The complement of “type II error” related to the undamaged wafers, the rate of wafers that do not contain 
a critical crack and are correctly detected, is termed “specificity”. 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Type I error and type II error of a crack detection system (detection is positive when a crack is detected, negative when no 
crack is detected) 
 
The calculation distinguishes the cases of having and having not implemented a crack detection 
system. If a crack detection system is implemented, wafers identified as critical of breaking are sorted out. 
As a result the breakage rate decreases. If herein good wafers are detected as bad and are sorted out, cell 
production cost increase despite a lower breakage rate. In conclusion both error parameters have a 
substantial influence on the cell production costs. 
3. Cost of ownership calculation for the implementation of a crack detection system 
The presented model is based on SEMI’s standard E035-0307 [6], where the cost of ownership (COO) 
per solar cell is defined as a function of the cost of equipment ownership (CEO) and the cost of yield loss 
(CYL) as described by Equation (1). 
 ܥܱܱ ൌ ܥܧܱ ൅ ܥܻܮ  (1) 
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In the following presented model, we show the adaptions to be made to calculate the COO with a 
crack detection system installed at the entrance of a cell production line, sorting out wafers with cracks 
which are suspects of breakage during cell production. By taking out damaged wafers prior to cell 
processing, machine downtime and breakage induced breakage can be avoided, possibly leading to a 
higher cell line performance and a lower yield loss. The model can be applied for both cases of having 
and having not implemented a crack detection system. The difference of each case gives the cost 
advantage or disadvantage of the usage of a crack detection system with the implemented performance 
parameters. The number of wafers that enter the cell line are assumed to be equal with or without the 
implementation of a crack detection system, being loaded at its maximum capacity for each case. 
Machine downtime due to wafer breakage and breakage induced yield loss are also considered. 
The cost of ownership (COO) per cell in a cell line incorporating a crack detection system comprises 
the cost of equipment ownership of the cell line (CEOCL), the CEO of the crack detection system 
(CEOCDS) and the cost of yield loss (CYL): 
 ܥܱܱ ൌ ܥܧܱ஼௅ ൅ ܥܧܱ஼஽ௌ ൅ ܥܻܮ  (2) 
The CYL consists of the cost of scrap wafers plus the cost for wafers sorted out prior to cell processing. 
Dividing the sum of both by the cell line output of good cells (wout) gives the CYL per successfully 
processed wafer. The cost of the scrap wafers is calculated by multiplying the share of wafer loss during 
cell production (1 – YieldCL) with the annual wafer input of the cell line (win) and the average cost of a 
scrap wafer (CsW). The cost of wafers sorted out by the CDS is calculated by the number of wafers sorted 
out (wd) times the cost of a raw wafer (CrW).  
 ܥܻܮ ൌ ሺଵି௒௜௘௟ௗ಴ಽሻή௪೔೙ή஼ೞೈା௪೏ή஼ೝೈ௪೚ೠ೟   (3) 
If detailed information is available for each cell production step, the CYL is calculated as shown in 
Equation (4). The scrap wafer costs are accumulated individually for each process step i, by multiplying 
the wafer loss (1-Yieldi) with the process step’s wafer input (win,i) and the cost of the scrap wafer at 
process step i (CsW,i). 
 ܥܻܮ ൌ σ ൣሺଵି௒௜௘௟ௗ೔ሻή௪೔೙ǡ೔ή஼ೞೈǡ೔൧ା௪೏ή஼ೝೈ
೙೔సభ
௪೚ೠ೟   (4) 
The number of wafers sorted out (wd) by the crack detection system can be calculated as shown in 
Equation (5). 
 ݓௗ ൌ ሺሾሺͳ െ ݇ሻ ή ݁ݎூூሿ ൅ ሾ݇ ή ሺͳ െ ݁ݎூሻሿሻ ή ݓ௏ோ (5) 
The parameter k stands for the proportion of wafers containing a critical crack. The parameter erI 
describes the type I error of the crack detection system. A type I error is the complement of the recall rate 
 ܴ݈݈݁ܿܽݎܽݐ݁ ൌ ͳ െ ݁ݎூ   (6) 
The parameter erII defines the ratio of the type II error of the CDS as described before. A type II error 
is the complement of the specificity rate.  
 ܵ݌݂݁ܿ݅݅ܿ݅ݐݕݎܽݐ݁ ൌ ͳ െ ݁ݎூூ   (7) 
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The specificity rate is a relevant performance parameter of the crack detection system. A high 
specificity rate is necessary for a crack detection system as each type II error implies the erroneously loss 
of a valuable good wafer. The volume requirement wVR, which is in case the crack detection systems 
input, depends on the number of wafers sorted out by the crack detection system. With a crack detection 
system (CDS) installed more wafers are needed to prevent stand-by times and feed the cell production 
line at full capacity, as the CDS is taking out all wafers detected as critical. Without a CDS installed, the 
wVR is equal win. In this case erII = 0 and erI = 1. 
 ݓ௏ோ ൌ ௪೔೙ଵିሺሾሺଵି௞ሻή௘௥಺಺ሿାሾ௞ήሺଵି௘௥಺ሻሿሻ  (8) 
The yield of the cell line is built up by a product of three parameters representing different yield loss 
categories. The crack detection limited yield (CDLY) is described by the breakage loss due to the 
detection performance of the crack detection system. The equipment limited yield (ELY) includes the 
breakage loss caused by the production equipment. The parametric limited yield (PLY) accounts for the 
percentage of wafers that are sorted out within or at the end of the cell line due to relevant parameters 
being outside the required quality range. 
 ܻ݈݅݁݀஼௅ ൌ ܥܦܮܻ ή ܧܮܻ ή ܲܮܻ  (9) 
In the following paragraph the three yield terms are described. The CDLY accounts for the breakage 
rate within the cell line of wafers with detectable cracks which were not detected by the CDS and a type I 
error occurred. The parameter ylc in Equation (10) stands for the yield loss due to wafers with a critical 
crack that actually break during cell processing, as their fracture strength is decreased in such extend that 
they are not able to withstand the mechanical impact of the cell production line. The variable ylbi 
describes breakage induced yield loss, wafers that break in case of wafer breakage, as fracture pieces can 
break subsequent or neighboring wafers.  
 ܥܦܮܻ ൌ ሺͳ െ ሾ݇ ή ݁ݎூ ή ݕ݈௖ ή ሺͳ ൅ ݕ݈௕௜ሻሿሻ  (10) 
 The ELY accounts for equipment induced yield loss yleq and is calculated as follows. The 
parameter yleq also inherits breakage of wafers with poor fracture strength, which includes wafers having 
cracks that are too small to be detected by the CDS. 
 ܧܮܻ ൌ ቂͳ െ ቀݕ݈௘௤ ή ሺͳ ൅ ݕ݈௕௜ሻቁቃ  (11) 
It is to note that the CDS can also be responsible for wafer breakage and the ELY of the CDS has to be 
considered as well. The PLY accounts for the yield loss of wafers being out of the required production 
parameter specifications which is considered in the parametric limited yield loss ylpl. 
 ܲܮܻ ൌ ͳ െ ݕ݈௣௟   (12) 
The calculation model can be applied for both scenarios of having and having not implemented a CDS. 
Without the implementation of a CDS prior to the cell production line, Equation (5) will be zero. The 
performance parameter Specificity rate will be at 100 % as no wafers can be sorted out erroneously, no 
type II error can occur respectively. The second performance parameter of the CDS, the Recall rate, will 
be at 0 % as no cracks can be found and no wafers are sorted out. Accordingly, the type I error rate will 
be at 100 %.  
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The main reason for the installation of a CDS is to lower the probability of wafer breakage during 
production. Thus, having a CDS installed which is sorting out wafers prone of breaking, will decrease the 
yield loss due to wafers having a critical crack. Additonally the equipment induced breakage rate yleq is 
decreased and needs to be adjusted accordingly in Formula (11). The yield loss due to breakage induced 
breakage should not be affected by sorting out critical wafers. With a CDS installed the mentioned effects 
will lead to a Yield increase and therefore to a higher throughput of the cell production line and as a result 
lowers the cell production costs. In contrast, sorting out wafers instantly cause cost of the lost wafer. 
Thus, it is very important that the performance parameters of the CDS, the Specificity rate and the Recall 
rate, are high enough, that the cost benefit of sorting out critical wafers exceeds costs for the lost wafers 
and the costs for the CDS itself. This has been considered in the following example calculation, to show 
which performance parameter rates need to be achieved from a CDS to be cost effective for cell 
production. 
 
4. Results of the cost-of-ownership calculation 
The minimal requirement on the specificity rate for a crack detection system, to achieve equal cost per 
cell than without a crack detection system, increases with smaller percentages of wafers that contain a 
critical crack (Fig. 3). This concludes the better the wafer quality, the fewer cracks, the higher the 
performance requirement. At a determined percentage of wafers that have a critical crack and a set recall 
rate, reducing the wafer price slightly decreases the specificity rate requirement (Fig. 4). At a current 
wafer price of ~ 1.20 € [6], a ratio of wafers that contain a critical crack of 1 %, of which 98 % break 
during cell production and a recall rate of 100 % the minimal specificity rate needed would be 98.9 %. 
For a lower recall rate of e.g. 90 % the minimal specificity rate required amounts to 99.0 %. The 
considered wafer price range (Fig. 3 and 4) is based on the current weekly spot price range at PVinsights 
[6] for (156 mm)² wafers. 
 
 
 
 
 
 
 
Fig. 2. (left). Model variations on the percentage of wafers that contain a critical crack at a wafer price of 1.20 €.  
In this graph 98 % of all wafers that contain a critical crack break during cell production. At a recall rate of 100 % all wafers that 
contain a critical crack are detected. At a specificity rate of 100 % no good wafer is sorted out. 
Fig. 4 (right). Model variations on the wafer price, at a percentage of wafers that contain a crack of 5 %, of which 98 % break during 
cell production.  
The model exhibits that the specificity rate has a larger influence on cell costs and is more important 
than the recall rate. When implementing a crack detection system at a price of e.g. 70,000 € with a recall 
rate of 99 % and a specificity rate of 99.5 %, at a wafer price of 1.20 € and a low 1 % percentage of 
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wafers that contain a crack, of which 98 % break during cell production, cost savings are ~0.8 €ct/cell 
(see Fig 5). This concludes annual savings per 100 MW cell line of about 190,000 €.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Model variations in savings with the implementation of a crack detection system, at a capital expenditure of 70,000 € with a 
recall rate of 99 % and a specificity rate of 99.5 % 
 
5. Application 
The developed model can be used to simulate each individual’s cell line requirement for a crack 
detection system. This can help manufacturers to estimate their expected benefits of the systems 
available. Furthermore the model can be implemented in Manufacturing Execution Systems that track 
sorted out wafers, breakage and yield loss. It can supervise in real-time if the implemented crack 
detection system sorts out too many wafers and keeps the system working in the economic frame. 
Moreover the model can be applied to other sorting prior to cell processing. 
 
Conclusion 
A cost model has been developed to calculate the performance requirements of crack detection 
systems. A carried out sensitivity analysis has shown that the requirements for crack detection systems 
increase with decreasing quantities of wafers that contain a critical crack (Fig. 3). Furthermore savings 
due to the implementation of a highly accurate crack detection system (with a recall rate of 99 % and a 
specificity rate of 99.5 %) decrease significantly with increasing wafer quality (Fig. 4). The model 
demonstrates that avoiding sorting out wafers that do not contain a critical crack, which means having a 
high Specificity rate, is crucial to the economic beneficial implementation of a crack detection system. 
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